Abstract. In the paper a cutting stability in the milling process of nickel based alloy Inconel 625 is analysed. This problem is often considered theoretically, but the theoretical finding do not always agree with experimental results. For this reason, the paper presents different methods for instability identification during real machining process. A stability lobe diagram is created based on data obtained in impact test of an end mill. Next, the cutting tests were conducted in which the axial cutting depth of cut was gradually increased in order to find a stability limit. Finally, based on the cutting force measurements the stability estimation problem is investigated using the recurrence plot technique and Hilbert vibration decomposition method.
Introduction
The need to produce responsible machine parts in aerospace, chemical process or seawater applications requires the use of special metal alloys, such as nickelchromium-molybdenum alloys, e.g. Inconel 625. Inconel 625 belongs to category of superalloys, which have high tensile strength in high temperatures, good fatigue strength and outstanding corrosion and oxidation resistance [1] . The properties of this material that make it an excellent choice in many demanding applications causes however, many difficulties in its machining. Additionally, in industry, because of competitiveness reasons, there is a constant need for growth in productivity and product quality that requires the material removal rate to be increased [2] . A higher productivity may be achieved using high speed machining (HSM) which however can induce so called self-excited vibrations caused by a regenerative mechanism [3, 4] . To avoid regenerative chatter, the working region corresponding to stable machining must be identified. For this purpose, a stability lobe diagrams (SLDs) are usually created, where rotational speed and depth of cut determine the boundary between stable and unstable cutting [3] . However, due to non-stationary nature of cutting processes the exact boundary position is difficult to predict in advance and may change for different technological cases. This in turn forces the machine tool operators to use undervalued cutting parameters. Although, there exist methods for eliminating self-excited vibrations they are quite difficult to apply in industrial practice. From these reasons there is a need to use automatic supervision systems which could diagnose the process online and change the cutting parameters when some symptoms of process instabilities appear [5] [6] [7] [8] [9] . Moreover, some papers focus on different methods of chatter identification directly from workpiece displacement or cutting force signals [3, [10] [11] [12] [13] [14] . This paper deals with the problem of stability limit prediction of chatter vibrations in milling process of Inconel 625 on the basis of experimental measurements of cutting force components. In order to find the initial point of chatter vibrations, the recurrence quantification analysis and Hilbert vibration decomposition are employed [15, 16] .
Experimental tests
The experimental tests on Inconel 625 were performed using the Haas MiniMill CNC milling machine. The experimental setup, presented schematically in Fig. 1 , is composed of two parts: a modal analysis system and a dynamometer for measuring cutting forces. The former was used to measure viscoelastic properties of the machine-tool system. The modal system consists of the PCB-086C03 modal hammer, the PCB-352B10 accelerometer and the NI-9234 data acquisition card. The rotating, piezoelectric dynamometer Kistler 9123C can measure three components Fx, Fy and Fz of the resultant cutting force and torque Mz. The dynamometer is connected to the Kistler 5223 signal conditioner and the 2855A4 data acquisition card. Both measurement systems are integrated with a PC computer and controlled by the DynoWare software.
The measurements were carried out in two steps. First, a single point impact test is performed to determine modal parameters of the cutting system, that is: stiffness, natural vibration frequency and a damping ratio. The modal hammer is used to excite the tool, and then the output signal is measured by the low mass accelerometer MATEC Web of Conferences 148, 09003 (2018) https://doi.org/10.1051/matecconf/201814809003 ICoEV 2017 mounted at the tool tip. The test is repeated for the two perpendicular directions x and y.
Next, the modal parameters are implemented to the CutPro9 software as a frequency response function (FRF) in order to determine stability lobes diagram (SLD). The SLD, generated for the up-milling of Inconel 625 using a 12 mm diameter end mill cutter with four flutes is shown in Fig. 2 . The radial depth of cut, ae, is set to 4 mm and the feed per tooth, fz, is set to 0.05 mm. Stable cutting occurs in the region below the stability lobes, while unstable machining should occur above the lobes. The unconditionally stable region is below the critical cutting depth apcr=0.65 mm. Then, the cutting process is stable regardless the spindle speed. 
Time series analysis
In this section the analysis of the force time series is done for the application in stability and chatter identification of milling process. To achieve this aim, the recurrence plot (RP) technique and Hilbert vibration decomposition (HVD) methods are applied.
Recurrence plot technique
Based on the experiment and CutPro analysis the SLD is achieved. However, industry practice suggests that the stability boundary is not quite proper. Therefore, the obtained stability limit from the SLD is verified here experimentally using the recurrence plot (RP) technique. In this study, we applied the Tisean software [18] to determine the embedding parameters. A recurrence plot is a graph which shows all time instants at which a state of a dynamical system recurs. If the trajectory in the reconstructed phase space returns at time i into the neighbourhood of ε where it was before at time j, then the results are plotted as black point in RP. Black points create a specific pattern which can be analysed to achieve some information about system dynamics. From a practical point of view, RPs can be presented also by means of the recurrence quantification analysis (RQA) which is not considered in this contribution. The RP for the cutting force components Fx and Fz are presented in Fig.3 and 4 . Note that during the milling test depth of cut ap was being constantly increasing from 0 to 1 mm. The transition from chatter free milling to chatter is visible at ap=0.5 mm, that is just before the value obtained from CutPro. In case of transition from chatter free to chatter region the change of RP pattern is observed both for Fx and Fz force.
Hilbert vibration decomposition
The Hilbert vibration decomposition was developed by Feldman for separation of non-stationary and multicomponent dynamical signals [16, 19] . In contrast to Fourier transform, in Hilbert transform it is assumed that the signal may be represented by a single, but amplitude and frequency modulated sinusoidal waveform [19] . As a consequence, the HVD method, which is based on Hilbert transform, allows to decompose the original signal into a sum of quasiharmonics with slow-varying instantaneous amplitudes and frequencies:
where Ai(t) and i(t) In Fig. 9 Hilbert spectrum for three decomposed components are presented. As may be seen the increase of variance of instantaneous frequency for third component (red one) is clearly visible. Fig. 9 . Hilbert spectrum for the three decomposed components.
Conclusions
The paper focused on assessment of milling process stability by the recurrence plot technique and Hilbert vibration decomposition. The recurrence plots drawn for the milling force components show exactly the moment when chatter vibrations appear. The critical depth of cut, determined by means of RP is a bit different compared to the one obtained by means of modal test and CutPro software. It was shown that dynamical features of individual force components can be revealed by means of advanced signal analysis methods, e.g. the HVD method. The use of this method enables determination of the force signal components which are related to individual cutting processes or machine tool vibration modes. Therefore, these components have a greater potential to distinguish between chatter-free and chatter states. It must be noted that major disadvantage of HVD method is the difficulty in proper selection of algorithm parameters, mainly the parameters of low-pass filter.
